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Abstract Forestry may cause adverse impacts on water
quality, and the forestry planning process is a key factor
for the outcome of forest operation effects on stream
water. To optimise environmental considerations and to
identify actions needed to improve or maintain the
stream biodiversity, two silvicultural water management
tools, BIS+ (biodiversity, impact, sensitivity and added
values) and Blue targeting, have been developed. In this
study, we evaluate the links between survey variables,
based on BIS+ and Blue targeting data, and water chem-
istry in 173 randomly selected headwater streams in the
hemiboreal zone. While BIS+ and Blue targeting cannot
replace more sophisticated monitoring methods neces-
sary for classifying water quality in streams according to
the EU Water Framework Directive (WFD, 2000/60/
EC), our results lend support to the idea that the BIS+
protocol can be used to prioritise the protection of
riparian forests. The relationship between BIS+ and
water quality indicators (concentrations of nutrients
and organic matter) together with data from fish studies
suggests that this field protocol can be used to give
reaches with higher biodiversity and conservation
values a better protection. The tools indicate an ability
to mitigate forestry impacts on water quality if the
operations are adjusted to this knowledge in located
areas.
Keywords Watermanagement .Forestry .Boreal forest .
Eutrophication . Acidification . Siltation
Introduction
Freshwater resources are essential for both humans and
ecosystem biodiversity and need to be sustainably used
and managed in order to protect the resource. According
to the EU Water Framework Directive (WFD, 2000/60/
EC), all waters within the European Union should
achieve a good ecological and chemical status before
2015, without further degradation of the water quality. If
these requirements are not met within the timeframe, an
extension to 2021 or 2027 is possible. A water body is
classified into five ecological status classes (high, good,
moderate, poor, or bad) based on biological, physical-
chemical and hydro-morphological quality indices.
Good status should resemble natural conditions, with
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negligible human impact on the water quality. A tangi-
ble deviation from the natural state lowers the status of a
water body and requires remedial actions in order to
reach good status (HVMFS 2013:19). One sector affect-
ed by the new legislation and in need for adaptation to
achieve the WFD objectives is forestry (Eriksson et al.
2011).
The implementation of the WFD poses a great chal-
lenge for the forestry sector where both economy and
ecological benefits should be balanced. Historically,
forestry has modified running waters for timber-
floating resulting in large-scale habitat degradation by
decreasing habitat heterogeneity for many aquatic spe-
cies (Helfield et al. 2007). Today, forestry operations
such as harvesting, site-preparation, draining, ditch
maintenance and construction of forest roads can result
in increased runoff (Rosén 1984; Sørensen et al. 2009),
erosion and sediment transport (Ahtiainen 1992;
Ahtiainen and Huttunen 1999). This in turn can result
in siltation of bottoms and an increased turbidity which
may cause damage to aquatic species dependent on
other types of substrates and clean water (e.g. Wood
and Armitage 1997; Österling et al. 2010). Other forest-
ry operations such as cutting of riparian zones (RZ) can
result in biotope degradation by eliminating the ecolog-
ical connection between water and land. In addition,
forestry operations may lead to leakage of nutrients,
base cations (Rosén et al. 1996; Piirainen et al. 2007;
Löfgren et al. 2009), dissolved organic carbon (DOC)
(Laudon et al. 2009; Schelker et al. 2012) and heavy
metals (Bishop et al. 2009; Skyllberg et al. 2009) to
surface waters. When large enough, the disturbances
will have adverse effects on aquatic environments.
Higher inputs of nitrogen and phosphorus can, together
with reduced shading from trees, affect primary produc-
tion in streams and change species composition
(Holopainen and Huttunen 1992). Elevated fluxes of
DOC are usually not harmful to aquatic ecosystems
although it can act as a vector for mobilisation of mer-
cury from soil to water (Kolka et al. 1999), which
bioaccumulates in biota after transformation to methyl
mercury (MeHg) (Garcia and Carignan 2000;
Desrosiers et al. 2006). According to calculations, 9–
23 % of the mercury bioaccumulation in Swedish fish
can be attributed to forest harvesting operations (Bishop
et al. 2009). Later research, estimating forestry effects
onMeHg in Sweden, indicates that final felling annually
increases the MeHg export by 14 % (Kronberg 2014).
Furthermore, elevated concentrations of DOC influence
pH and could potentially affect acid-sensitive aquatic
organisms (Laudon and Buffam 2008). Based on base
cation mass balances, there is also a fear for acidification
effects coupled to intense forest production and biomass
harvest (Neal et al. 1992; Akselsson et al. 2007; Ågren
et al. 2010).
In Sweden, forestry has a large economic value, and
56 % (23.1 million ha) of the land cover consists of
productive forests (Swedish Forest Agency 2013).More
than 50,000 lakes and 290,000-km streams are located
in the productive forest landscape (Ring et al. 2008), and
forestry may impact the ecological and chemical status
of those waters. A number of projects (Andersson et al.
2013), educational campaigns, literature reviews (Ring
et al. 2008; Bishop et al. 2009), forest management
optimisation models (Öhman et al. 2009; Eriksson
et al. 2011) and other activities have been initiated to
mitigate forestry effects on water quality. The World
Wide Fund for Nature (WWF), Sweden, has, in collab-
oration with the Swedish forestry sector, developed two
silviculture water management tools: BIS+ and Blue
targeting (Bleckert et al. 2010). The tools are used to
incorporate water management in the forestry planning
process, so consideration is taken where it is mostly
needed and where the economic outcome is least affect-
ed, i.e., balancing the economic and ecological objec-
tives according to the Swedish forestry policy.
Currently, these tools are under implementation by a
number of forest companies and forest owner associa-
tions. The aims of the tools are (i) to improve the
conditions for aquatic biodiversity, (ii) to optimise water
consideration in Swedish forestry and (iii) to clarify the
forestry sector’s responsibility for water issues.
From a WFD monitoring and classification perspec-
tive, which was never the aim for BIS+ and Blue
targeting, the question arises whether this type of fairly
simple and cheap field surveys of primarily structural
features of a limited part of a catchment can give infor-
mation on the stream water chemistry? In this study, we
evaluate these two tools with the objective to evaluate
the relationships between survey variables, based on
BIS+ and Blue targeting data, and water chemistry in
randomly selected headwater streams (n=173) in the
hemiboreal zone (Wallin et al. 2014; Löfgren et al.
2014). The assessment is focused on water chemical
variables related to acidification and eutrophication,
which are environmental quality indices in the
Swedish WFD classification system (HVMFS
2013:19) and siltation. While the study has been
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conducted in Sweden and written from a Swedish per-
spective, the conclusions related to the applicability of
simple silviculture water management tools are proba-
bly generalisable for much of the northern boreal region.
The results from this case study are of relevance for
those searching for simple water management tools
related to forestry.
Materials and methods
BIS+ and Blue targeting
There are several methods for evaluation and classifica-
tion of streams (e.g. Raven et al. 1998; SEPA 2001,
2003). The survey variables in BIS+ and Blue targets
were developed as very simple tools that can be used
operationally within forestry (Bleckert et al. 2010,
2011). In brief, BIS+ consist of a simple checklist
(Supporting information 1) assessing a stream section’s
biodiversity (B), human impact (I), sensitivity for for-
estry (S) and added values (+). Existence and nonexis-
tence of mostly visible characteristics in the stream
section or its RZ are marked in the checklist in the field
and added to a maximum score of 12 points for each of
the assessed categories (B, I, S and +). The category
evaluating biodiversity (B) consists of 12 characteristics
indicating a functional ecosystem with a natural biodi-
versity (e.g. variety in substrates and morphology, dead
wood in the stream, specific habitats, threatened species
and riparian shading). The absence of human impact (I)
is evaluated through lack of 12 characters like migration
barriers, channelisation and siltation in the stream and
through assessment of land use influence on water qual-
ity and the RZ. Soil conditions and topography are
determined by four indicators assessing the potential
risk for erosion and rutting formation (i.e. risk of silta-
tion) and the section’s sensitivity for forestry (S). Added
values (+) comprise of other values of interest such as
restorations made in the stream, other species of interest
and recreational or cultural values. Many of the charac-
teristics in BIS+ tool focus on the physical environment
(morphology, deadwood, shading, etc.), but for a stream
reach to be a good habitat, it also needs good water
quality. Concerning water quality, there are just four
indicators in the impact category that can somehow be
linked to water quality: (i) siltation of the stream bottom,
(ii) clear water, i.e. normal turbidity and/or colour (ab-
sorbance), (iii) acidification, which should be known
beforehand, and (iv) eutrophication, i.e. local effects
indicated by large amount of algae or higher vegetation.
Based on the BIS+ checklist result, the Blue target is
classified for the stream section. The four different tar-
gets are VG (stream requiring general consideration),
VF (stream requiring strengthened consideration), VS
(stream requiring specific actions) and VO (streams to
be left untouched). Blue targeting helps forest owners to
optimise environmental considerations to a stream sec-
tion and to identify actions needed to maintain or im-
prove the stream biodiversity. While there is a general
trend between high scores in the BIS+ protocol and a
higher level of protection, there are no absolute correla-
tion between the outcome of BIS+ and the Blue target,
and instruction state that Blue target class should be
judged from case to case.
Landscape, climate and chemical variables
A dataset of 173 perennial headwater streams were used
for this study, whereof 80 streams were located in south-
west and 93 in central Sweden (Fig. 1). The dataset
contains stream water chemistry as well as landscape
and climate variables at catchment level (Wallin et al.
2014; Löfgren et al. 2014). In short, headwater streams,
where forest management and atmospheric deposition
are the only human impact, were randomly selected
from a virtual stream network constructed from a digital
elevation model of 50 meter×50 meter (Nisell et al.
2007). Stream selections were based on the criteria of
a stream length>2500 m, a distance of <500 m to a
drivable road, no urban areas and <5% agricultural land
within the catchment (Göthe et al. 2013; Löfgren et al.
2014). Streams affected by liming were not included in
the dataset (Löfgren et al. 2014). Landscape variables
and climatic data within each catchment were calcu-
lated with information from remote sensing, satellite
images, surveys from Swedish NFI (National Forest
Inventory) and data from the Swedish Forest Agency,
METRIA and the Swedish Meteorological and
Hydrological institute (SMHI) (Göthe et al. 2013;
Löfgren et al. 2014).
The pH sensitivity refers to the stream water’s ability
to buffer against pH changes according to Ågren and
Löfgren (2012). Stream water samples were collected at
four occasions during four different seasons: spring,
summer, autumn and late autumn in 2009–2011 by staff
at the Swedish University of Agricultural Sciences
(SLU) and the County Administrative Boards of
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Dalarna, Jönköping, Halland and Västra Götaland.
Within 1 day of sampling, the chemical analyses follow-
ing Swedish standard methods were initiated at the
SWEDAC-accredited laboratory at the Department of
Aquatic Sciences and Assessment, SLU (Löfgren et al.
2011, 2014). Suspended matter (SPM) was measured
gravimetrically after suction filtering through a 1.2-μm
glass fibre filter. Turbidity was analysed with a
Turbidimeter Hach 2100AN IS at 870 nm, angle of
measurement 90°. After persulphate digestion, P-tot
was estimated using the molybdenium method through
photometrically analysis (Bran Luebbe Autoanalyser 3).
Fig. 1 Location of sampled
headwater streams in the central
and southwest region of Sweden.
© Lantmäteriet, i2012/901
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N-tot was measured using a TNMI-module equipped
Shimatzu TOC-VCPH analyser. In headwater streams,
TOC concentrations mostly compromise of DOC
(Laudon et al. 2011). TOC concentrations in this study
are therefore considered comparable to DOC concentra-
tions in other studies.
Study areas
The catchment characteristics for each region are pre-
sented in Table 1. The soils mostly consisted of till
deposits, peat and rock outcrops, although the share of
till coverage was somewhat higher in the central region.
The streams were located at higher altitude in the central
region compared to the southwestern region, with an
average elevation of 359 m a.s.l. compared to 178 m
a.s.l. A climatic gradient from south to north separated
the two regions from each other with higher precipita-
tion, run-off, mean annual temperature, forest biomass,
forest growth and a longer vegetation period in the
southwestern region. Norway spruce (Picea abies) was
the dominating tree species in southwest while Scots
pine (Pinus sylvestris) dominated in the central region.
The proportion of final felled area was slightly higher in
the southwest region, due to storm felling in 2005. The
stream water chemistry was different between the two
regions (Wallin et al. 2014; Löfgren et al. 2014) with
higher concentrations of TOC, turbidity, suspendedmat-
ter, N-tot and P-tot in the southwest region. Average
stream pH was lower in the southwest region (pH=5.0)
compared to the central region (pH=5.9).
BIS+ and Blue targeting survey
Based on the average stream length passing through an
average sized final felled area of 4.4 ha (Swedish Forest
Agency 2013), a stream section of 150 m upstream from
the water sampling coordinates was surveyed during the
summer 2013 using the BIS+ checklist and classifica-
tion of Blue targets. The surveyed area corresponded to
0.1–4.5 % of the total catchment area (24–620 ha;
Table 1). Characteristics difficult to determine in the
field (acidification, eutrophication, endangered species,
fish species, freshwater mussels and other species of
interest) were collected from various databases (SLU
ArtDatabanken 2011, 2014; Water Authorities 2014)
and by personal contac t s wi th the County
Administrative Boards of Dalarna, Jönköping,
Halland, Västra Götaland and Kronoberg.
Water quality indicators
Water quality indicators were selected to evaluate the
tools ability to assess siltation, eutrophication and acid-
ification. Indicators of siltation constituted of average
stream water concentrations of turbidity and SPM.
Eutrophication indicators involved average concentra-
tions of N-tot and P-tot and also status classification of
eutrophication according to the WFD, while acidifica-
tion indicators included minimum measured pH (most
critical for acid-sensitive biota), average concentrations
of TOC, pH sensitivity and status classification of acid-
ification according to the WFD. In this study, pH sensi-
tivity refers to streamwater’s ability to buffer against pH
changes at inputs of acid or base and is based on ANC.
In high pH waters, hydrogen ions (H+) are neutralised
by the bicarbonate system and in low pH waters, DOC
or aluminium can neutralise H+. Poorly buffered waters
with intermediate pH values (within the pH range 5–6.2)
are thus most sensitive for acidification. However, de-
pending on pH and DOC concentration, DOC can have
a double-edged effect and act either as a base or as an
acid (Ågren and Löfgren 2012). Status classifications of
eutrophication and acidification are physical-chemical
quality indices set to determine ecological status in
running waters according to the WFD (HVMFS
2013:19). Eutrophication is here determined by the de-
viation between current P-tot concentration and a site-
specific reference value of P-tot calculated as a function
of concentrations of nonmarine base cations, absorbance
at 420 nm and elevation above sea level for the sampling
site. The status classifications of acidification were de-
termined by the deviation between current pH (here
minimum measured pH) and a site-specific reference
value modelled using Model of Acidification of
Groundwater In Catchments (MAGIC, Cosby et al.
2001). The model describes the dynamic development
of acid–base relationships in catchments since pre-
industrial time and is available from the MAGIC library
database (IVL Swedish Environmental Research
Institute Ltd 2013).
Statistical analyses
The co-variance between investigated variables was
tested using the multivariate method projections to latent
structures by means of partial least squares (PLS) and
the statistical package SIMCA-P+ version 12.0.1
(Umetrics AB, Umeå, Sweden). The intention of PLS
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is to reduce the dimensions in a dataset and at the same
time retain as much information as possible. Each ob-
servation is projected in a multivariate X-space and a
multivariate Y-space to find latent components describ-
ing the predictive variation in the variable X matrix that
is linearly correlated to the positions of the response
variable (Y). Models are described by the number of
observations (N), cumulative fraction of X described by
components (R2X(cum)), cumulative fraction of Y de-
scribed by components (R2Y(cum)) and cumulative abil-
ity to predict Y with the model (Q2(cum)). Most impor-
tant variables for explaining Y in a model are
summarised in a VIP-plot (variable importance in the
projection) and comprise VIP values >1. The influences
of X variables on Y can be interpreted from regression
coefficients (CoeffCS), which gives information of
whether the influence is either positive or negative
(Eriksson et al. 2006). In our PLS models, each and
every water quality indicators were set as Yvariables in
separate models with BIS+ assessments and Blue targets
set as X variables. Categorical data (Characters in BIS+,
Blue targets and status classifications) were ranked and
coded to numerical values to run the PLS analysis.
Existence or nonexistence of an assessed characteristic
in BIS+ was given a value of 1 or 0. Blue targets ranged
from 1 to 4 and were ranked in the order: VG, VF, VS
and VO. Ecological status classifications ranged from 1
to 5 with the value of 1 representing bad status and 5
representing high status.
Models were tested for a combined dataset with data
from both regions (Fig. 2) and for separate regional
datasets (Supporting Information 2). Both X and Y
Table 1 Catchment characteristics for the randomly selected streams in the southwestern and central regions of Sweden
Southwest Central
Mean Min 25 % Median 75 % Max Mean Min 25 % Median 75 % Max
Catchment area (ha) 116 24 78 102 149 279 223 106 164 209 252 620
Forest (%) 91 37 89 96 99 100 86 54 77 88 96 100
Wetland (%) 7 0 0 2 9 59 13 0 3 11 18 46
Till (%) 57 0 42 63 76 99 70 26 59 72 82 99
Peat (%) 26 0 14 21 35 87 16 0 7 14 23 48
Rock outcrops (%) 14 0 0 2 18 83 12 0 1 6 16 66
Final felled area (%) 13.2 0.0 6.7 11.1 18.1 55.8 9.9 0.0 2.5 8.3 13.8 45.7
Elevation (m a.s.l.) 178 54 134 166 214 326 359 74 248 357 472 667
Precipitation (mm year−1) 995 750 950 950 1050 1250 782 650 750 750 850 950
Runoff (mm year−1) 501 350 450 450 550 650 424 250 350 450 450 550
Vegetation period (days) 196 190 190 200 200 210 164 140 160 160 170 180
Mean Annual Temp. (°C) 5.9 4.5 5.5 5.5 6.5 6.5 2.6 1.5 1.5 2.5 3.5 4.5
Forest biomass (kton ha−1) 96 22 84 97 109 146 68 30 52 65 83 110
Forest growth (m3 ha−1 year−1) 4.2 0.8 3.6 4.3 5.0 7.0 2.3 0.8 1.8 2.3 2.8 4.1
≥70 % Spruce (%) 23 1 16 23 29 63 11 1 6 10 15 30
≥70 % Pine (%) 11 2 7 11 15 27 25 6 17 23 34 66
NHx deposition (kg ha
−1 year−1) 5.4 3.5 4.5 5.4 6.2 8.0 1.5 1.1 1.3 1.5 1.6 2.1
NOx deposition (kg ha
−1 year−1) 5.3 4.3 5.1 5.4 5.5 5.8 2.4 1.8 2.3 2.4 2.5 3.0
SOx deposition (kg ha
−1 year−1) 4.8 3.8 4.6 4.9 5.1 5.7 2.0 1.3 1.8 1.9 2.0 2.8
Turbidity (FNU) 2.4 0.4 1.0 1.5 2.5 33.0 1.0 0.0 0.4 0.7 1.2 9.4
SPM (mg L−1) 3.4 0.0 1.0 2.0 4.2 27.4 2.2 0.0 0.6 1.3 2.5 30.7
TOC (mg L−1) 29.9 6.3 19.9 27.7 38.0 77.0 18.0 1.8 9.9 16.7 24.0 58.3
pH 5.0 4.0 4.5 4.8 5.3 7.5 5.9 4.2 5.4 6.0 6.5 7.2
N-tot (μg L−1) 845 166 585 785 1014 2833 397 62 238 353 499 2050
P-tot (μg L−1) 19 5 12 16 23 73 11 1 5 9 14 82
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variables were centred and log-transformed if necessary
to fit normality before modelling. No data were exclud-
ed, although some observations may be classified as
outliers.
Results
BIS+ and Blue targeting ability of predicting water
quality indicators
The water management tools BIS+ and Blue targeting
predicted the water quality indicators better when
modelling data including both regions (Table 2). The
predictive power, Q2(cum), decreased for all investigat-
ed response variables in separate regional models
(Table 2). Therefore, when we discuss the PLS models
here, we relate to the analysis of the full data set e.g. both
regions combined, unless stated otherwise. The chemi-
cal quality indicators turbidity, N-tot, TOC and pH were
best predicted by the two water management tools in
PLS models (Q2(cum)= 0.25, Q2(cum)= 0.43,
Q2(cum)=0.30 and Q2(cum)=0.25, respectively;
Table 2). However, the fraction of variation in BIS+
and Blue targeting variables (X) used to explain the best
predicted response variables were low (R2(cum)=0.17–
0.23).
Generally, the characteristics in BIS+ (which is
a more objective measure) were better predictors
for stream water chemistry than the subjective
Blue targets classifications (Figs. 2 and SI1).
Among the water quality characteristics in BIS+
clear water, no acidification and no siltation
showed significant correlations with many re-
sponse variables (Fig. 2). For all eutrophication
indicators, few of the characteristics in BIS+ indi-
cating water quality were significant (Fig. 2).
Siltation indicators
Of the siltation indicators, turbidity was best predicted
(Table 2). The PLS model for turbidity showed that the
characteristics clear water, no siltation and no acidifica-
tion were important variables (VIP>1) and correlated
significantly negatively (P<0.05) with turbidity. Also,
the characteristics clear water and no siltation in BIS+
were significant indicators for low levels of suspended
material (Fig. 2). Stream water sampling showed that
turbidity and SPM were higher in the southwest region
and that this was captured with the BIS+ checklist.
Eutrophication indicators
Clear water, no acidification and no siltation were
characteristics in BIS+ that significantly correlated
with low concentrations of N-tot and P-tot in the
PLS models (Fig. 2). This implies that stream
waters in the southwestern region were assessed
as more turbid (i.e. not clear), acidified and silted
than in the central region, as average concentra-
tions of stream water N-tot and P-tot were much
higher in the southwest region compared to the
central region (Table 1).
Another result concerning eutrophication indicators
was that a wet or erodible riparian zone was of impor-
tance (P<0.05) for higher stream water concentrations
of P-tot, N-tot and eutrophication status according to
WFD (Fig. 2, Fig. SI1).
Acidification indicators
Clear water, no acidification and no siltation were var-
iables of importance for predicting lower TOC concen-
trations (VIP>1, P<0.05; Fig. 2) and were also signif-
icantly related to a higher pH (Fig. 2). TOC and pHwere
easier to predict from BIS+ (R2Y(cum)>0.3) than pH
sensitivity and acidification status (R2Y(cum)<0.15)
(Table 2). Stream sections assessed not to be acidified
had higher WFD acidification status (P<0.05). Lower
acidification status was found to be related to wetness in
the riparian zone. Stream sections surrounded by a wet
riparian zone were also considered to be more pH sen-
sitive (VIP>1, P<0.05; Fig. 2). Blue targets were of




The catchment characteristics vary between regions,
which are reflected in the stream water chemistry
(Table 1). Previous studies, analysing the stream water
chemistry in the two regions, have also concluded that
there are marked differences in stream water chemistry
between the regions (Wallin et al. 2014; Löfgren et al.
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2014). According to Löfgren et al. (2014), these differ-
ences were mostly related to climatic gradients, deposi-
tion of nitrogen and more fertile soils. Because of the
larger variability in the combined dataset, the PLS
models predicting water quality indicators of siltation,
eutrophication and acidification had higher predictive
power when modelling combined data from both re-
gions. Subsequently, the predictability decreased in the
regional models (Table 2), and the results from the
separate regions should be used with caution. Greater
water chemical gradients in the combined dataset were
thereby easier to predict using the tools due to more
pristine conditions in the central region, reflected in the
field survey. Within regions, variation in stream water
chemistry was probably too small to be determined with
the tools. The tools have been developed with all the
R
Fig. 2 (continued)
Fig. 2 The influences (positive or negative) of variables in BIS+
and Blue targeting (X) on water quality indicators of siltation,
eutrophication and acidification (Y), described by the regression
coefficient (CoeffCS[1]). Only significant (P<0.05) variables of
importance (VIP>1) are considered and showed in the whole
dataset (both regions). For separate regional models, see
Supporting Information 2
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range of forest landscapes in mind. It would have been
interesting to see if the models would have had a higher
predictive power if more landscape types, with regard to
climate, geology and soils, had been surveyed.
The tools ability to predict water quality indicators
When it comes to predicting water quality indicators of
siltation, eutrophication and acidification, characteris-
tics in BIS+ were of more importance than Blue targets
(Figs. 2 and SI1). The result was expected, as there is no
absolute correlation between BIS+ and Blue targets, and
Blue targets are subjectively chosen with support from
the BIS+ checklist result, where in practicality, the sen-
sitivity (S) to forest operation is weighed heavily in
determining the Blue target class. Characteristics in
BIS+ that indicates water quality will then become less
important for the classification into Blue targets as all
characteristics are combined. The tool BIS+ represents a
more direct assessment of the stream conditions, but a
Table 2 PLS models of both regions and each region separately, predicting water chemical response variables regarding siltation,
eutrophication and acidification (Y) using BIS+ and Blue targeting (X)
Region Response variable (Y) Number R2X(cum) R2Y(cum) Q2(cum)
Siltation indicators
Combined SPM 173 0.17 0.18 0.09
Turbidity 173 0.17 0.32 0.25
Southwest SPM 80 0.11 0.21 −0.13
Turbidity 80 0.11 0.20 −0.06
Central SPM 93 0.13 0.25 <0.01
Turbidity 93 0.13 0.27 0.07
Eutrophication indicators
Combined P-tot 173 0.16 0.24 0.16
N-tot 173 0.23 0.54 0.43
Eutrophication status 173 0.10 0.13 −0.12
Southwest P-tot 80 0.13 0.22 <0.01
N-tot 80 0.14 0.22 0.02
Eutrophication status 80 0.12 0.27 0.01
Central P-tot 93 0.18 0.37 −0.01
N-tot 93 0.11 0.26 0.08
Eutrophication status 93 0.13 0.14 −0.02
Acidification indicators
Combined pH sensitivity 173 0.16 0.15 0.07
TOC 173 0.17 0.36 0.30
pH 173 0.17 0.31 0.25
Acidification status 173 0.15 0.09 <0.01
Southwest pH sensitivity 80 0.10 0.18 −0.12
TOC 80 0.14 0.27 0.09
pH 80 0.11 0.26 −0.07
Acidification status 80 0.11 0.16 −0.09
Central pH sensitivity 93 0.11 0.20 −0.11
TOC 93 0.11 0.22 <0.01
pH 93 0.11 0.21 −0.02
Acidification status 93 0.08 0.20 −0.06
The model displays the number of observations (N), fraction of X described by components (R2 X(cum)), fraction of Y described by
components (R2 Y(cum)) and ability to predict Y with the model (Q2 (cum))
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more detailed analysis showed that some water quality
characteristics were more important than others.
Identification of key stream sections important
for biodiversity
One of the ideas behind the BIS+ tool is that it can be
used to identify stream reaches with high biodiversity,
so these can be given protection. Much of the BIS+ tool
focus on the physical environment (morphology, dead
wood, shading, etc.) needed for the aquatic species, but
for a stream reach to be a good habitat, it also needs
good water quality. Of course, it is near impossible to
assess water quality by just looking at a stream in the
field. It is well known that stream water chemistry is a
result of the characteristics in the entire catchment
(Hynes 1975) and varies with climate, geology, soil type
and land use (Dillon andMolot 1997; Cooke and Prepas
1998; Mattsson et al. 2003; Laudon et al. 2004;
Kortelainen et al. 2006). The BIS+ only surveys the
riparian zone, and while the riparian forest have been
shown to have an important control on stream biogeo-
chemistry (Lowrance et al. 2000; Grabs et al. 2012), it is
also regulated on larger scales, for example by different
landscape units (e.g. forest/mire) and the hydrological
connectivity of those landscape units (Laudon et al.
2011). Also, only a small fraction of the entire riparian
zone was surveyed in this study. Despite that, using the
indicators in the BIS+ protocol, the models predicted
between 20 and 30 % of the stream water quality
(Table 2).
Two previous studies conducted in the southeast and
northeast regions of Sweden demonstrated the BIS+ and
Blue targeting tools potential for identifying stream
reaches important for biodiversity (Ingemarsson 2012;
Nordin 2012). The tools were evaluated by using electro
fishing data, and a significantly positive relationship
was noted between Blue target and fish species richness
in both studies. Stream reaches assigned with targets of
increased consideration levels (VO) contained more fish
species than reaches assigned with targets of general
consideration (VG). In addition, a positive significant
correlation was found between the absence of human
impact (I) and number of fish species (Ingemarsson
2012) and between the total sum of all assessed catego-
ries in BIS+ and number of species (Nordin 2012). The
results of Ingemarsson (2012) and Nordin (2012) sug-
gested that the tools can predict stream sections with
higher fish species richness. These findings complement
the results from our study showing correlations to water
chemistry. Stream sections less affected by human im-
pact or with a high score on the total BIS+ sum were
shown to be important characteristics indicating lower
concentrations of SPM, turbidity, N-tot, TOC and higher
pH in most cases (Fig. 2), thereby creating a better
habitat for more fish species.
Applicability of the BIS+ protocol
In general, BIS+models predicted between 20 and 30%
of the stream water quality, which is rather low to give
specific guidance. However, there are some reflections
that we want to highlight. The characteristic clear water
identified stream reaches that in general were more
pristine, with lower levels of TOC, turbidity, SPM, N-
tot and P-tot. Negative correlations between clear water
and concentrations of nutrients can be explained by the
fact that N and P in boreal streamwaters to a large extent
are organically bound (Dillon and Molot 1997;
Mattsson et al. 2003; Kortelainen et al. 2006) why less
turbid and coloured waters would contain lower con-
centrations of nitrogen and phosphorous.
Siltation is a key variable when it comes to protecting
stream biota as it can bury species underneath sediment
and destroy important spawning habitats (Wood and
Armitage 1997). However, we found it difficult to assess
this from the field protocol instructions, where high
human impact (I) is assumed to be low at normal silta-
tion levels. But, what is normal for each site? This is
impossible to know and can only be a guess. Also, the
results in our study could be affected by different hy-
drological conditions during water chemical sampling
(2009–2011) and the BIS+ and Blue targeting assess-
ment (2013). In addition, SPM have been questioned as
a reliable indicator of the siltation of bottoms (Hansen
et al. 2013), as SPM tend to peak shortly after operations
causing soil disturbances (Ahtiainen and Huttunen
1999; Löfgren et al. 2009) and then return back to
normal levels. It was easier to assess the sensitivity (S)
of the riparian soils, where the soils sensitive to erosion
(and also the wet soils) correlated to high nutrient levels,
indicating that it is important to protect these areas in
order to mitigate nutrient leaching.
The characteristic no eutrophication in BIS+ showed
little correlation with water quality indicators of eutro-
phication (P-tot, N-tot and WFD eutrophication status).
Vegetation effects from higher input of P-tot may be
difficult to detect by eye and depend on the local
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conditions. Whether water was anthropogenically acid-
ified or not was determined by information fromCounty
Administrative Boards and interpolation in a water map
displaying acidification of major lakes and rivers using
the MAGIC model. This step needed a lot of effort and
knowledge, and we feel that it is unreasonable for the
average forest owner to assess whether the stream is
acidified or not, and it is therefore stated in the checklist
that acidification status is to be known on beforehand.
Also, data of water quality status is often lacking in
headwaters (Bishop et al. 2008), and theMAGIC library
is not adapted to predict acidification status of headwa-
ter streams why the significantly positive correlations
between the characteristic no acidification and higher
WFD acidification status were somewhat unexpected.
The southwestern part of Sweden is more affected by
acidification from atmospheric deposition (Bertills et al.
2007), which facilitated the identification of acidified
headwaters in the water map. In the central region, fewer
areas were acidified on the water map making the iden-
tification of acidified headwater streams more difficult
and the assessments less reliable.
To conclude, we believe that the applicability of
the BIS+ tool could be improved by e.g. more
detailed instructions in the form of examples sup-
ported by photos and easy access to necessary
databases.
Implications for forestry owners
For forest owners, BIS+ and Blue targeting can
contribute to less forestry impact on water quality
by identifying sensitive areas. Stream reaches that
had a riparian zone sensitive for forestry according
to BIS+ had higher concentrations of nutrients and
humic substances. The results could be linked with
catchment topography and the amount of wetlands
in the area. The proportion of wetlands within
catchments is widely recognised to be highly cor-
related with TOC concentration and export (Dillon
and Molot 1997; Laudon et al. 2004) and can be
well predicted from groundwater level and topog-
raphy (Grabs et al. 2012). Kortelainen et al. (2006)
showed that slope was an important variable for
predicting P-tot from boreal unmanaged catch-
ments in Finland. Both export and concentration
of P- to t increased wi th decreas ing s lope
(Kortelainen et al. 2006). However, the location
of wetlands within the catchment could also be
of importance. In the central region, stream
reaches that scored high on the sensitivity (S)
characteristics Bwet riparian zone^ and Berodible
riparian zone^ were often represented by riparian
peat. Riparian peat is an important source of TOC
in forested headwaters, where DOC concentrations
generally increase upward in the soil profile
(Grabs et al. 2012). This would mean that forestry
operations increasing the groundwater level (e.g.
harvesting) would increase TOC export (Laudon
et al. 2009; Schelker et al. 2012) and organically
bound nutrients to stream waters (Löfgren et al.
2009). The results suggests that stream sections
identified as sensitive for forestry by BIS+ are in
need of consideration in forest operation plans in
order to prevent water quality deterioration.
Riparian buffer zones are a well-established best
management practice in forestry (Lee et al. 2004;
Thorell and Götmark 2005; Trenholm et al. 2013),
where the most common practice in many parts of
the world is to use a fixed width design (Lee et al.
2004). Fixed-width buffers are easily implemented
and require no hydrological or ecological under-
standing. However, fixed-width buffers have been
criticised for not accounting for the spatial hetero-
geneity of hydrologic pathways, biogeochemical
processes and biodiversity in the riparian forests
(Creed et al. 2008; Kuglerová et al. 2014). Using
the BIS+ protocol, a forest owner gets a tool that
allows them to plan the management of the ripar-
ian zone taking into consideration much of the
knowledge from many years of underlying re-
search of landscape s t ructure , hydrology,
biogeochemisty and ecology without needing a
long formal education on these topics. Other inter-
esting new techniques are also emerging where
high-resolution maps over the riparian soils, calcu-
lated from digital elevation models (Murphy et al.
2011; Ågren et al. 2014), can be used to suggest
hydrologically adapted protection zones (Kuglerová
et al. 2014). Using the BIS+ tool and Blue targets
is a simple way for the forest owner to prioritise
the protection to where it is best needed. A better
planning regarding the design of the protection
zone towards water and machine-free zones may
also lead to a more cost-effective hauling of timber
by avoidance of rut formation in wet areas, time-
consuming breakdowns, interruptions, usage of
more fuel and prevention of restoration costs
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(Murphy et al. 2008; Mohtashami et al. 2012;
Ågren et al. 2014). Thus, BIS+ and Blue targeting
have the potential to improve both the biological
diversity and the forest owner economic outcome.
Conclusions
The more objective survey tool BIS+ was a better
predictor for water quality than the subjective Blue
target. This is hardly surprising, but it is worth noting
within the community of managers and policy
makers. Approximately 20–30 % of the variability
in stream water quality could be assessed using the
BIS+. This, in combination with studies on fish pop-
ulations showing that stream reaches with high scores
in the BIS+ protocol contain more fish species, lends
support to the BIS+ tool as a simple way for forest
owners to prioritise the location of special surface
water protection in forest management. Despite the
low predictive power of the models, we still argue
that the tools provide a step forward compared to
fixed width buffers. The characteristics in BIS+ re-
lated to the sensitivity for forestry operations in the
riparian zone covary with the concentrations of nu-
trients and organic matter, indicating the potential of
the tools to contribute to less forestry impact on the
water quality if the operations are adjusted to this
knowledge. The assessment methods BIS+ and Blue
targeting tools may complement but cannot replace
more sophisticated monitoring methods necessary for
classifying water quality in streams according to
WFD. This is expected, however, since their aim
has never been to fulfil the WFD monitoring de-
mands. The BIS+ protocol (Supporting Information
1) has been developed for Swedish conditions in
collaboration between WWF Sweden and the
Swedish forestry sector. To our knowledge, there is
no similar approach directed towards the forest own-
er in other countries. However, simple tools like this
have the potential to be implemented throughout the
boreal zone after adaptation to local conditions.
Acknowledgments We wish to thank staff at SLU and the
county administration boards of Dalarna, Jönköping, Halland
and Västra Götaland for stream water sampling and chemical
analyses. The study was mostly funded by Skogssällskapet but
also through the Future Forests project funded by Mistra and the
For Water project funded by Formas. We thank our two anony-
mous reviewers that improved the manuscript.
Conflicts of interest The authors declare no conflict of interest.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the orig-
inal author(s) and the source are credited.
References
Ågren, A., & Löfgren, S. (2012). pH sensitivity of Swedish
forest streams related to catchment characteristics and
geographical locat ion— implications for forest
bioenergy harvest and ash return. Forest Ecology and
Management, 276, 10–23.
Ågren, A., Buffam, I., Bishop, K., & Laudon, H. (2010).
Sensitivity of pH in a boreal stream network to a potential
decrease in base cations caused by forest harvest. Canadian
Journal of Fisheries and Aquatic Sciences, 67(7), 1116–
1125. doi:10.1139/F10-052.
Ågren, A., Lidberg, W., Strömgren, M., Ogilvie, J., & Arp, P.
(2014). Evaluating digital terrain indices for soil wetness
mapping–a Swedish case study. Hydrology and Earth
System Sciences Discussions, 11, 4103–4129.
Ahtiainen, M. (1992). The effects of forest clear-cutting and scar-
ification on the water quality of small brooks.Hydrobiologia,
243/244(1), 465–473.
Ahtiainen, M., & Huttunen, P. (1999). Long-term effects of for-
estry management on water quality and loading in brooks.
Boreal Environment Research, 4, 101–114.
Akselsson, C., Westling, O., Sverdrup, H., Holmqvist, J., Thelin,
G., Uggla, E., &Malm, G. (2007). Impact of harvest intensity
on long-term base cation budgets in Swedish forest soils.
Water, Air, & Soil Pollution: Focus, 7(1–3), 201–210. doi:
10.1007/s11267-006-9106-6.
Andersson, E., Andersson, M., Birkne, Y., Claesson, S., Forsberg,
O. & Lundh, G. (2013). Målbilder för god miljöhänsyn.
http://shop.skogsstyrelsen.se/shop/9098/art52/20785652-
da5df6-1856c.pdf Accessed 15 May 2014. In Swedish.
Bertills, U., Fölster, J. & Lager, H. (2007). Only natural acidifica-
tion—in-depth assessment of the environmental objective.
Swedish Environmental Protection Agency Report 5766,
116 pp (In Swedish, English summary).
Bishop, K., Buffam, I., Erlandsson, M., Fölster, J., Laudon, H.,
Seibert, J., & Temnerud, J. (2008). Aqua Incognita: the
unknown headwaters. Hydrological Processes, 22(8),
1239–1242. doi:10.1002/Hyp.7049.
Bishop, K., Allan, C., Bringmark, L., Garcia, E., Hellsten, S.,
Högbom, L., Johansson, K., Lomander, A., Meili, M.,
Munthe, J., Nilsson, M., Porvari, P., Skyllberg, U.,
Sørensen, R., Zetterberg, T., & Åkerblom, S. (2009). The
Effects of Forestry on Hg Bioaccumulation in Nemoral/
Boreal Waters and Recommendations for Good
Silvicultural Practice. Ambio, 38(7), 373–380.
Bleckert, S., Degerman, E., Henrikson, L., & Pettersson, R.
(2010). Skogens vatten: om vattenhänsyn i skogsbruket.
Växjö: Sveriges skogsägarföreningar. In Swedish.
Bleckert, S., Degerman, E. & Henrikson, L. (2011). NPK+
och Blå målklassning—enkla verktyg för skoglig
Environ Monit Assess (2015) 187: 190 Page 13 of 15 190
vattenplanering http://www.wwf.se/source.php/1408811/
Blå%20målklasser%20NPK+.pdf Accessed: 15 May
2014. In Swedish.
Cooke, S. E., & Prepas, E. E. (1998). Stream phosphorus and
nitrogen export from agricultural and forested watersheds on
the Boreal Plain. Canadian Journal of Fisheries and Aquatic
Sciences, 55(10), 2292–2299.
Cosby, B. J., Ferrier, R. C., Jenkins, A., & Wright, R. F.
(2001). Modeling the effects of acid deposition: refine-
ments, adjustments and inclusion of nitrogen dynamics
in the MAGIC model. Hydrology and Earth System
Sciences, 5, 499–517.
Creed, I. F., Sass, G. Z., Wolniewicz, M. B., & Devito, K.
J. (2008). Incorporating hydrologic dynamics into buff-
er strip design on the sub-humid Boreal Plain of
Alberta. Forest Ecology and Management, 256(11),
1984–1994.
Desrosiers, M., Planas, D., & Mucci, A. (2006). Short-term re-
sponses to watershed logging on biomass mercury and meth-
ylmercury accumulation by periphyton in boreal lakes.
Canadian Journal of Fisheries and Aquatic Sciences, 63(8),
1734–1745. doi:10.1139/F06-077.
Dillon, P. J., & Molot, L. A. (1997). Effect of landscape form on
export of dissolved organic carbon, iron, and phosphorus
from forested stream catchments. Water Resources
Research, 33(11), 2591–2600. doi:10.1029/97wr01921.
Eriksson, L., Johansson, E., Kettaneh-Wold, N., Trygg, J.,
Wikström, C., & Wold, S. (2006). Multi- and megavariate
data analysis. Part 2, Advanced applications and method
extensions. 2. rev. and enl. ed. Umeå: Umetrics AB.
Eriksson, L. O., Löfgren, S., &Öhman, K. (2011). Implications for
forest management of the EU Water Framework Directive’s
stream water quality requirements—a modelling approach.
Forest Policy and Economics, 13(4), 284–291. doi:10.1016/j.
forpol.2011.02.002.
Garcia, E., & Carignan, R. (2000). Mercury concentrations in
northern pike (Esox lucius) from boreal lakes with logged,
burned, or undisturbed catchments. Canadian Journal of
Fisheries and Aquatic Sciences, 57, 129–135. doi:10.1139/
cjfas-57-S2-129.
Göthe, E., Angeler, D. G., Gottschalk, S., Löfgren, S. & Sandin, L.
(2013). The Influence of Environmental, Biotic and Spatial
Factors on Diatom Metacommunity Structure in Swedish
Headwater Streams. Plos One, 8(8). doi:10.1371/journal.
pone.0072237.
Grabs, T., Bishop, K., Laudon, H., Lyon, S. W., & Seibert, J.
(2012). Riparian zone hydrology and soil water total organic
carbon (TOC): implications for spatial variability and
upscaling of lateral riparian TOC exports. Biogeosciences,
9(10), 3901–3916. doi:10.5194/bg-9-3901-2012.
Hansen, K., Kronnäs, V., Zetterberg, T., Setterberg, M., Moldan,
F. , Pet tersson, P. & Munthe, J . (2013) . DiVa:
dikesrensningens effekter på vattenföring, vattenkemi och
bottenfauna i skogsekosystem. IVL Report B2072,
Göteborg. In Swedish.
Helfield, J. M., Capon, S. J., Nilsson, C., Jansson, R., & Palm, D.
(2007). Restoration of rivers used for timber floating: effects
of riparian plant diversity. Ecological Applications, 17(3),
840–851.
Holopainen, A. L., & Huttunen, P. (1992). Effects of Forest Clear-
Cutting and Soil Disturbance on the Biology of Small Forest
Brooks. Hydrobiologia, 243, 457–464. doi:10.1007/
Bf00007063.
HVMFS 2013:19. Swedish Agency for Marine and Water
Management regulations on classification and quality stan-
dards regarding surface water. Decided on 1 September 2013.
In Swedish. https://www.havochvatten.se/download/18.
2cf45b7613f6ca957cc61ed/1372951605894/HVMFS+
2013-19-ev.pdf. Accessed 24 June 2014.
Hynes, H. B. N. (1975). The stream and its valley. Verhandlungen
der Internationalen Vereinigung fuer Theoretische und
Angewandte Limnologie, 19, 1–15.
Ingemarsson, T. (2012).Naturvärdesbedömning och klassificering
enligt blå målklasser av vattendrag: en utvärdering av metod
och lämplighet för skogsbruksplanerMaster Thesis. Swedish
University of Agricultural Sciences. In Swedish.
IVL Swedish Environmental Research Institute Ltd. (2013).
MAGIC bibliotek. http://www.ivl.se/tjanster/datavardskap/
magicbiblioteket.4.7df4c4e812d2da6a416800075405.html.
Accessed 12 dec 2014.
Kolka, R. K., Grigal, D. F., Verry, E. S., & Nater, E. A. (1999).
Mercury and organic carbon relationships in streams draining
forested upland peatland watersheds. Journal of
Environmental Quality, 28(3), 766–775.
Kortelainen, P., Mattsson, T., Finer, L., Ahtiainen, M., Saukkonen,
S., & Sallantaus, T. (2006). Controls on the export of C, N, P
and Fe from undisturbed boreal catchments, Finland. Aquatic
Sciences, 68(4), 453–468. doi:10.1007/s00027-006-0833-6.
Kronberg, R.-M. (2014). The boreal journey of methyl mercury:
from forest harvest to black alder swamps. Ph.D. Thesis.
Swedish University of Agricultural Sciences.
Kuglerová, L., Ågren, A., Laudon, H., & Jansson, R. (2014).
Towards optimizing riparian buffer zones: ecological and
biogeochemical implications for forest management. Forest
Ecology and Management, 334, 74–84.
Laudon, H., & Buffam, I. (2008). Impact of changing DOC
concentrations on the potential distribution of acid sensitive
biota in a boreal stream network. Hydrology and Earth
System Sciences, 12(2), 425–435.
Laudon, H., Köhler, S., & Buffam, I. (2004). Seasonal TOC export
from seven boreal catchments in northern Sweden. Aquatic
Sciences, 66(2), 223–230. doi:10.1007/s00027-004-0700-2.
Laudon, H., Hedtjärn, J., Schelker, J., Bishop, K., Sørensen, R., &
Ågren, A. (2009). Response of Dissolved Organic Carbon
following Forest Harvesting in a Boreal Forest. Ambio, 38(7),
381–386.
Laudon, H., Berggren,M., Ågren, A., Buffam, I., Bishop, K., Grabs,
T., Jansson, M., & Köhler, S. (2011). Patterns and dynamics of
dissolved organic carbon (DOC) in boreal streams: the role of
processes, connectivity, and scaling. Ecosystems, 14(6), 880–
893. doi:10.1007/s10021-011-9452-8.
Lee, P., Smyth, C., & Boutin, S. (2004). Quantitative review of
riparian buffer width guidelines from Canada and the United
States. Journal of Environmental Management, 70(2), 165–
180.
Löfgren, S., Ring, E., von Bromssen, C., Sørensen, R., &
Högbom, L. (2009). Short-term effects of clear-cutting on
the water chemistry of two boreal streams in Northern
Sweden: a paired catchment study. Ambio, 38(7), 347–356.
Löfgren, S., Aastrup, M., Bringmark, L., Hultberg, H., Lewin-
Pihlblad, L., Lundin, L., Pihl Karlsson, G., & Thunholm, B.
(2011). Recovery of soil water, groundwater, and
190 Page 14 of 15 Environ Monit Assess (2015) 187: 190
streamwater from acidification at the Swedish integrated
monitoring catchments. Ambio, 40(8), 836–856. doi:10.
1007/s13280-011-0207-8.
Löfgren, S., Fröberg, M., Yu, J., Nisell, J., & Ranneby, R. (2014).
Water chemistry in 179 randomly selected Swedish headwa-
ter streams related to forest production, clear-felling and
climate. Environmental Monitoring and Assessment,
186(12), 8907–8928.
Lowrance, R., Altier, L. S., Williams, R. G., Inamdar, S. P.,
Sheridan, J. M., Bosch, D. D., Hubbard, R. K., & Thomas,
D. L. (2000). REMM: the riparian ecosystem management
model. Journal of Soil and Water Conservation, 55, 27–34.
Mattsson, T., Finer, L., Kortelainen, P., & Sallantaus, T. (2003).
Brookwater quality and background leaching from unman-
aged forested catchments in Finland. Water, Air, and Soil
Po l l u t i o n , 147 ( 1–4 ) , 275–297 . do i : 10 . 1023 /
A:1024525328220.
Mohtashami, S., Bergkvist, I., Löfgren, B., & Berg, S. (2012). A
GIS approach to analyzing off-road transportation: a case
study in Sweden. Croatian Journal of Forest Engineering,
33(2), 275–284.
Murphy, P. N. C., Ogilvie, J., Castonguay,M., Zhang, C. F., Meng,
F. R., & Arp, P. A. (2008). Improving forest operations
planning through high-resolution flow-channel and wet-
areas mapping. Forestry Chronicle, 84(4), 568–574.
Murphy, P. N. C., Ogilvie, J., Meng, F. R., White, B., Bhatti, J. S.,
& Arp, P. A. (2011). Modelling and mapping topographic
variations in forest soils at high resolution: a case study.
Ecological Modelling, 222, 2314–2332.
Neal, C., Forti, M. C., & Jenkins, A. (1992). Towards modelling
the impact of climate change and deforestation on stream
water-quality in Amazonia—a perspective based on the mag-
ic model. Science of the Total Environment, 127(3), 225–241.
doi:10.1016/0048-9697(92)90505-M.
Nisell, J., Lindsjö, A. & Temnerud, J. (2007). Rikstäckande
virtuellt vattendrags nätverk för flödesbaserad modellering
VIVAN. SLU report 2007:17. Department of Environmental
Assessment, Swedish University of Agricultural Sciences.
Uppsala, Sweden. In Swedish.
Nordin, P.-O. (2012). NPK+ och blå målklassning: indikatorer på
vattenkvalitet? (NPK+ and Blå målklassning: indicators of
water quality?). In Swedish. Master Thesis. Swedish
University of Agricultural Sciences.
Öhman, K., Seibert, J., & Laudon, H. (2009). An Approach for
Including Consideration of Stream Water Dissolved Organic
Carbon in Long Term Forest Planning. Ambio, 38(7), 387–
393.
Österling, M. E., Arvidsson, B. L., & Greenberg, L. A. (2010).
Habitat degradation and the decline of the threatened mussel
Margaritifera margaritifera: influence of turbidity and sedi-
mentation on the mussel and its host. Journal of Applied
Ecology, 47(4), 759–768. doi:10.1111/j.1365-2664.2010.
01827.x.
Piirainen, S., Finer, L., Mannerkoski, H., & Starr, M. (2007).
Carbon, nitrogen and phosphorus leaching after site prepara-
tion at a boreal forest clear-cut area. Forest Ecology and
Management, 243(1), 10–18. doi:10.1016/j.foreco.2007.01.
053.
Raven, P. J., Boon, P. J., Dawson, F. H., & Ferguson, A. J. D.
(1998). Towards an integrated approach to classifying and
evaluating rivers in the UK. Aquatic Conservation-Marine
and Freshwater Ecosystems, 8(4), 383–393. doi:10.1002/
(Sici)1099-0755(199807/08)8:4<383::Aid-Aqc303>3.3.
Co;2-C.
Ring, E., Löfgren, S., Sandin, L., Högbom, L. & Goedkoop, W.
(2008). Skogsbruk och vatten: en kunskapsöversikt (Forestry
and water—a litterature review). Redogörelse från
Skogforsk, Volume 3:2008, 64 pp. Gävle, Sweden:
Skogsforsk. In Swedish.
Rosén, K. (1984). Effect of clear-felling on run-off in two small
watersheds in Central Sweden. Forest Ecology and
Management, 9(4), 267–281. doi:10.1016/0378-1127(84)
90013-6.
Rosén, K., Aronson, J.-A., & Eriksson, H. M. (1996). Effects of
clear-cutting on streamwater quality in forest catchments in
central Sweden. Forest Ecology and Management, 83, 237–
244. doi:10.1016/0378-1127(96)03718-8.
Schelker, J., Eklöf, K., Bishop, K., & Laudon, H. (2012). Effects
of forestry operations on dissolved organic carbon concen-
trations and export in boreal first-order streams. Journal of
Geophysical Research-Biogeosciences, 117. doi:10.1029/
2011JG001827.
SEPA (2001). SystemAqua. In Swedish. Report 5157. Stockholm,
Sweden: Swedish Environmental Protection Agency.
SEPA (2003). Undersökningstyp: Biotopkartering—vattendrag. In
Swedish. https://www.havochvatten.se/download/18.
64f5b3211343cffddb280004765/1348912812016/
Biotopkartering−+vattendrag.pdf. Accessed 12 Dec 2014.
Skyllberg, U., Westin, M. B., Meili, M., & Björn, E. (2009).
Elevated concentrations of methyl mercury in streams after
forest clear-cut: a consequence of mobilization from soil or
new methylation? Environmental Science & Technology,
43(22), 8535–8541. doi:10.1021/Es900996z.
SLU ArtDatabanken (2011). Musselportalen. http://www.
musselportalen.se/. Accessed 29 Oct 2013. In Swedish.
SLU ArtDatabanken (2014). Artportalen. https://www.artportalen.
se/. Accessed 13 May 2014. In Swedish.
Sørensen, R., Ring, E., Meili, M., Högbom, L., Seibert, J., Grabs,
T., Laudon, H., & Bishop, K. (2009). Forest harvest increases
runoff most during low flows in two boreal streams. Ambio,
38(7), 357–363.
Swedish Forest Agency. (2013). Swedish Statistical Yearbook of
Forestry. Jönköping: Swedish Forest Agency.
Thorell, M., & Götmark, F. (2005). Reinforcement capacity of
potential buffer zones: forest structure and conservation
values around forest reserves in southern Sweden. Forest
Ecology and Management, 212, 333–345.
Trenholm, R., Lantz, V., Martinez-Espineira, R., & Little, S.
(2013). Cost-benefit analysis of riparian protection in an
eastern Canadian watershed. Journal of Environmental
Management, 116, 81–94.
Wallin, M. B., Löfgren, S., Erlandsson, M., & Bishop, K. (2014).
Representative regional sampling of carbon dioxide and
methane concentrations in hemiboreal headwater streams
reveal underestimates in less systematic approaches. Global
Biogeochemical Cycles, 28 , 1–15. doi:10.1002/
2013GB004715.
Water Authorities (2014). Vattenkartan. In Swedish. http://www.
viss.lansstyrelsen.se/MapPage.aspx. Accessed 29 Oct 2013.
Wood, P. J., & Armitage, P. D. (1997). Biological effects of fine
sediment in the lotic environment. Environmental
Management, 21(2), 203–217. doi:10.1007/s002679900019.
Environ Monit Assess (2015) 187: 190 Page 15 of 15 190
